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POREWORD

This report was prepared by the University of Brussels, Belgium,
under USAF Contract No. AF61(052)-225. The contract was initiated under
Project Ho. 7350, "Refractory Inorganic Non-Mstallic Materials," Task
No. 735001, "Non-Graphitic.” The work was administered under the direc-
tion of the Air Porce Materials Laboratory, Research and Technology
Division, Wright-Patterson Air Porce Base, Ohio. Mr. ¥, W. Vahldiek was
the project engineer.

Thanks are due to Mr. R. Colin for performing some mass spectromstric

experiments and for many valuable discussions, to Miss A. Steinchen and M.

Stoefs for performing many Knudesen experiments.
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ABSTRACT

The vaporization process of the compounds of Zn, Cd, Hg with S, Se,
Te has been studied by mass spectromstry. The heat of decomposition
of all these compounds to Ms(g)+1/2 X,(g) has been measured by mass
loss Knudsen technique. The data are compared to literature data.

Heats of atomization of these compounds are compared to isosteric com-
pounds and upper limits for the dissociation energies of the gaseous

molscules are given.

This technical documentary report has been reviewed and is approved.

T .
Sedl e
G. RAMKE

Chief, Ceramics and Graphite Branch
Metals and Ceramics Division
Air Porce Katerials latoratory
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SULTIARY

Tre vapcerization process of the nine compounds of Zn,
Cd and Jg with S, Se and Te has been investigated by mass
spectrometry. The typical process is the decomposition into
Zaseous metal atoms and diaiocmic groud YIb rolecules. Small
amounts 2% polymeric species 0f sulfur were obgerved in the
vapor above Hg3 and consideratle amounts of polymeric seleninm
molecules ahove F:iSe ; HsTe yields Hg(gas) and solid Te. -No
Zagseous IIb-VIb molecules were obhserved : their concentration
lies »elow 1 part in 103 to 105. Estimites of dissociation
energies are made 2nd the possibility of observinsg these mole-
cules is discussed. - Decomposition pressures of all nine com~
pounds were measzured by the Knudsen method and corvesponding
enthalpy and entropy data deduced and compared to literature
vata. = The heat of vaporization of lead has heen vemeasured.
Tne hests of atomization of thé IIb-VIb compounda are compared
t> those of isosteric compcunds and elements and the trends

avrs Jdiscuszed.
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1.57)(10"2 cm2 for T<330; 2.41x10'3 cm for T>500°X. Least squares
yield M293=25.8, 3293=31.2 e.u.; using ori”gTe)=10.%5+5,9x107 3T,
8715497256 keal,
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INTRODUCTION

In the last decade vaporization studies, using mainly
mass spectrometric techniques, have demonsirated the comple-
xity of numerous inorganic vapors(1)(2). The vapors of group
IV elements, for instance, contain polymeric species(3) and
1t was expected that isoelectronic or isosteric(*) IIIb--Vb
and IIb-VIb(**) compounds form gasecus and perhaps polymeric
molecules especially as some corresponding Ib-VIIb compounds
are known to form trimers in the gas phase(4). Also the IV-VI
compounds, isosteric to xroup V elements form polymeric mole-

cules(S). Previous mass spectrometric studies(6'7) have shown

however that IIIb-Vb compounds vaporize meinly according to

[3) = (o] + (3% 8, + $ B, (1)
where A is a group IIIb and B a group Vb slement. (Here and
throughout this paper square brackets {:] are used for the
condensed phase, w1thout distinction between solid and liquid
state). The only gaseous molecules of this group as yet des-

cribed are InSb and InSba(e). ¥ess spectrometric work from

. i WO A S T P A G G T P e e S WD

(¥) Isoelectronic molecules contain the same number of
electrons e.g. Ge,, GaAs, ZnSe; isOsteric molecules con~
tain the same numger of outer electirons even though the
total number of slsctrons is different e.g. Gea, AlSY,
InP, CdS, ¥gTe.

(#x) The classification in subgroups a and b as given by

Pauling (The Nature of the Chemical Bond, 2d ed. Cornell
University Press 1960, p.54) is used here,

Manuscript released by Authors 12 August 1963 for publication as a
WADD Technical Documentary Report.
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’
+his laboratory'>’has shown tkat also II (Me)-VI (X) compounds

decompose on vaporization. The general process in however

Crex] 2 res1/2x, (2)

as further confirmed by recent data for ZnS, CdS and Hgs(g).

A survey of existing data on vaporization of these
compounds obtained by conventionsl manometric, transport or
“audsen method leads to two conclusions

(10~-14)

a) some data are presented assuming eqn.(2),

others are based on the assumption of molecular vaporization(15;ﬂ

[ex) & rex (3)
the justification of the choice in the earlier literature being
rather incomplete as will be discussed below.

t) the data recalculated according to the correct

1

vaporization process show in quite a numher of cases considera-

‘l

ble discrepancies; finally most papers treat the vaporization
of a small number 5f compounds or even of a single compound.

Ve have therefore studied the vaporization of all nine

}

compouads ol Zn, 73 and Hg with S, Se and Te and have used masgs &
spectrometric analysis of the vapors and have confirmed the

general applicability of the vaporization eqn.(2). In no case
could eqn.(3) be observed, therefore only an uvper limit of the
dissociaticn energies of gaseous YeX compounds can be 2iver.

Next the decomposition pressures of all nine compounds have been -
measured by the conventional Rnudsen technique without mass se- .

paration and the corresponding thermodynamic properties have




been obtained. They will Te presented a2nd dizcussed in a com-
prehensive way.
Finally, the partial pressure at a ziven temperature

of 8,, B

2’ 4,
than the vapor pressure ineiuilibrium with condensed T or X new

X, given by the equilibrie (1) and (2) beinz lower
data could te obtained on ejuilibria with specles Bn or

EXPERIMENTAL,

1. Mass Spectrometric Technigue.

The main features of the 60° 20 om radius of curvature

mass spectrometer and of the experimental prozedure have been

(6)

described previcusly Vaporization was rerformed from small
graphite crucibles in a molybdenum furnace heated by a tungsten
spiral. The crucible was located at about 10 mm from the ioni-
zing electron beam. Some experiments were performed using

quartz Knudsen cells and a secondary electron multiplier. Spe-

cial care was taken in locating in the furnace the 0.1 to C.05 mm

diameter Pt-Ft/10” Rh - thermocouple wires insulated with tiny
quartz tubes, in such a way as to minimize errors due to over-
heating from the tungsten spiral or heat loss through the ther-

mocouple leads. Frequent temperature checks were performed by

comparison with a Leeds and Northrup disappearing filament opti-

cal pyrometer in the temperature ranye above 1000°K and by mea-

suring in situ the melting point of Se (490°) and Ag (1234°K),

(6,1€)
xn [
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using the method of Johnson =t al(tg).

Samples of one to severzl tenths of a gr. were loeded
.in the cruci®le or in the Rnudsen cell. The mass spectrometer
wag evacuzted and the cerucible heated slowly maintaining the
background pressure a* or below 5.10'7 mmbig. The mass spectrum
was then scanned and ionic sgpecies originating from the vapo-
rizing substance as well as possible impurities identified at
different temperatures. In a number of runs with ZnS, accura-
tely weighed amounts were completely vaporized in order to mea-
sure the sensitivity of ine mass spectrometer and the absolute

value of the decomposition prese*re(Zo).

2. Kanudsen Te~hnique.

3

Suartz {nudsen cells of about 1 cm” volume were used.
The effusion area was measured within about 10 % with a micros-
coge and on magnified photographs; The wall thickness was mea-
sured on several Knudsen cells which were broken for this pur-
sose after vse. The areas and corrections for wall thickness
are discussed below. The cells were inserted in a stainless
steel oven, heated by radiation from a W ribbon and provided
4#ith radiation shields. Temperature measurements were perfor-
med as in the mass spectrometer technique. After about five
runs new therwcouple wires were inserted in order to avoid

use of wires deteriorated by the vapors. The shielded oven

#as placed in a stainless steel vacuum housing pumped through




a2 liquid z2ir trap by a 100 liter sec-1 Hg vapor diffusion

pump. Opposite the effusion orifice a lijuid eir trap ser-
ved for condensing the effusing vapor. The backzround vres-

sure was kept below 10~ mmHg, frequently telow 1976 .

n e —— e e

Samples of 1 to 2 grs of crushed crystals were wei-
ghed to about 0.01 mg; after obtaining the adequate residual
pressure, the oven was heated rapidly to the desired tempe-
rature maintained within 1 to 2° at constant temperature for
the required time and cooled rapidly by cutting the power
supply and the residue weighed again. Heating and cooling :
times were controlled ; from total weight loss a "preliminary
graph" log p vs. 1/T was obtained, where T is the constant
temperature of the experiment. This permits one to calculate
the amount vaporized during the heating and cooling period
and to obtain the weight loss at the constant tenperature and
& "correction" for the vapor pressure value. This correction
was not significant however as checked for every experiment,

and shown as an example in table 5 (col.(a) and (b)).

3. Materials.
High purity crystals kindly supplied by
Dr. Van Kaekenberghe (E.R.A., Brussels) (Cd3 Cd3e)
Ir. P. Newman (Philips Eindhoven) (2nS, 2ZnTe),Dr. #. Lawson
(Royal Redar Institute) (CdTe HgTe) and commercial samples

(ZnS, Fluka ; HeS HYopkins and Williams) purified by sublima-




tion under high vacuum were used. The purity was checked by

ma2ss spectromstric analysis,

CALCULATIORS.

Knudsen evaporation permits one to calculate the pres-

sure of a vaporizing species i

p; = zi(ekai)’/z/st (4)
where Zi is the number of molecules of species i effusing tn
time t, my the mass of these molecules and s the "effective”™
orifice area ; the other symbols have their usual meaning. For
the simple vaporization process given as n&t1 in Table 1, the
corresponding formula for weight loss Gi is glven; the pressure
in atmospheres in then obtained from

py = 2.256x10°261(T/M1)1/2/t.s (5)
Gi in grs, Mi in a.m.u., t in sec and s in cm2. Throughout
this paper pressures will ve given in atmospheres.

For congruent vaporization according to ne«2 and 3 in

2z(x2) + 2(X) = Z(Ve) (6)

and
G = G(Me) + G(X,) + G(X) = 2z(3e).u(MeX).(7)

One obtains thus the equations for p(ie), p(X2), p(X) and K
given in Table 1,

.............
.........................
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Eeats of reaction were calculated usinz the third

law method
~RT 1n X = 49%,, + TA(Y ~292 (
208 —

in cases in which *ree energy functions, (SO-ngp)/T, were

available and a comparison was made with the second 1law value
d In ? ,Q’

H,,.- %"Y‘(lr‘)" (2)

The latter values were also used when data on entropies seemed
insufficient and entropies were then estimated hy insertin_
in eqn.(R).

For minor species it is of interest to introduce a

21)

free energy change, the chemical etabllitv , 1 mezsure of

the relative concentration of these species corparel t7 a =ajor
species, Two cases are c¢f interest here
a) the chenical stebility of “feX molecules which re-
sults from combininz eqn.(2) and (3)
¥eX == 1/3(%eX) + 2/3%e + 1/3x2(’°)

is given by(21b)
-RTlnp(Xz)/p(‘-feX)
= {ng(vex)- "d(at.ite ")}~ 1/3 { DO07,)- To(at. 're*"}
REN G, T 1/32T1n {31 e ) /47 X,) (11)
[ . o P iy » 2} 1

The last term results from the ¥audcen equation and the zcichio-
metry of egn.(2), () are the mases of species in { ); tre
difference of free ener,y function A("° Vo’“) ~efers to the

stoichiometry of eqn.(10) ; D is the dissocistion energy ; the

------------------------------




:at of atonirzratim AH(at.MeY) corresconds
1/2[eX] = 1/2e + 1/°%

(12)
The free energy functions are known or can he estimated as
3isenssed welow; D ( 9) heve heesn T

previously(18) an
Aﬂg[at.fel] are obtaineéd from the heats of

f decomposi*im rea-
sured here and corresponding to eqn.(2)

b) the chemical stability of different species of

_roaup VIb elements Xn, with n=1, 3 ..., results fron the egvi-
lidvrium
2 gy, == 033 (rex] x,  (13)
and the corresronding free energy change (for (X V< n(X ))
-RT1np(X,)p/(X )

{A r°(at.x )—(n—1)AH°(at.Me‘ -0t {D°(x )- ¥ (at.uex)}

+ T A{(JT ,r°)/T} 2 RT 1n {entte) /a(x )}1/2 (14)

The symbols have the same sipnificance as in eqn.(11) and
Aﬁg(at.Xn) correaponds to

anz nX

(15)
RESULTS.

D A WP 2 S A R WD 2 D D T D e e S W T 0 S D WD U B W e e e

For all Zn and Cd compounds ions Me', X

2* znd & were
observed, the intensity ratios being consian

t at 3ifferent
temperatures and during complete evaporation of the samples., The

........................
---------------------------

..........




———

A ey

observed intensity of X* is readily explained as frazmentation
of X2 by electron iapact.

m . . " r + o + "+ .

The ion intensities (I”) of ¥,” and e’ are related
to partial pressures (pi) and ionization cross secgtions (a-i)

by
-+
= V. . 15a
1 k‘l'l (15a)
¥ is a constant depending on the zeometry of the vaporization
cell with reepect &5 the mass spectrometer as well as on the
1.5

properties of thais instrument( 77wyt inderendent of mass.

Tren %he stoichiometry (eqn.2) and the Trudsen ejuation (eqn.d)

yield

) /e (ve) = (rix)/r (o) (o) ez )2 (1)

¢r(1,)’6(Ve) values calculated from ratins of ion intensi-

ties, or intezgrated ion intensities in the course of comprlete
vanorization are oiven in tadble 2. The values given by Otvos

(

4nd Stevenson

one to calculute ratios of ioniczation cross sections of Xz mnlew

cules to X atoms, The results ziven in column 4, Table 2, with

an estimated error of cbout 0.1 or 0,2 are well in line with

several recent .eterminations of ratios of ionization eross

for
sections of about 1.5 “owonuclear diatomic molecules compared

to atoms(23’18b).

A1l these data confirm vuporization eqn.(2) as well as

the fact that all these compounds havo(34), within the experi-

mental accuracy of a few per cent of the present me-:surements,

22) for ionization cross sections of atoms permits

s s e W e s
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an exact stoichiometric composition.

Por HgS about 2-3%, SE and minor contributions of
ions up to S$ were observed. Eqn.(14) permits one, using
thermodynamic data quoted below and 3200(36)=*100 e.u., 1o
calculate the heat of atomization Aﬂgoo(at.ss) = 365 kecal ;
no correction was applied for ratios of ionization cross
sections. For the reaction

36==352 (16)

AT:OO = 62.9 kcal is found. It is estimated that errors ;

including the uncertainty in ionization cross sections,
amount to about 3~4 kcal. The agreement with the mass spec-
trometric results of Berkowitz and Varquart who obtain

63.3 keal!?) and with the value of 63.7 kcal obtained from
total pressure measurements on sulfur vapor by 3raune, Peter
and Neveliing(25) is satisfactory.

A typical mass spectrum of the vapor from HgSe is gi-
ven in Table 3. The complexity of the vapor does not permit
one in this case to deduce enthalpy values corresponding to
a definite process from mass loss Knudsen measurements. From
the ratios of Seg/SeE ion intensities the enthalpy correspon-
ding to eqn.(2) can bYe calculated; fragmentation by electron
impaict was neglected and an equation similar to (14) was used,
The heat of reuction corresponding to (15) and the necessary

entropy data are known(zs)(*l The result isAHgOO=45kcal per
mole for

D b O P D G e e D W) At D W s 0O B WD WS

(%) The entropy of [43Se) solid at 500°K was estimated
28 e.u. by analosy with (4g5).

. LY
.........




eqn.(2) end the heat of formation from the elements
Hgggg(ﬁgSe)=-14 kcal per mole. Table 3 shows also that, if
stoichiometry is exact, the ionization cross sections from
Se2 to Se6 vary scarcely more than by a factor of two; a more

accurate estimate is not possible with present data.

(HgTe) vaporizes according to

(HgTe) ;__) Hg + (Te) (17)
A careful search was made in each case for lons

which could originate from gaseous ¥eX molecules, but in no
case could any evidence for these be found. Therefore in
eqn.(11) only an upper limit of p(K2)/p(NeX) can he inserted
and an upper limit of D(kMeX) calculated. The results are xiven
in tabdle 4. For Zn, Cd and Hg,suvlfides a recent investigation(?)
has succeeded in shiftinyg the limit p(Xz)/p(HeX) to above 127
and to detect at this sensitivity limit SS and SI in the vapor
above (ZnS) and (CdS) as well a3 the species observed by us

above (Hgs).

a) In order to test the performance of the Knudsen
technique a set of experiments of the vaporization of lead were
performed (Table 5). It appears that the correction for tempe~
rature rise and fall is small:; the Clausing factor is a maximum

estimate, therefore taking the average:‘ﬁgga.15 =-46.7 kcal/g

...........................




atom may result in a nezligible error due to this parameter.

A possible systematic error in temperature measurements

(§T = 3°), in thesurface area (12%’) us well us the scatter

of the experimental results leads to an estimated uncertainty
of + 2.5 kecal., The second law value, AH870 =-45.213 keal,
yields AHSQP = -47.7 in satisfactory agreement with the above
result. The systematic error is however as large as

2 §7/(Ty-T,) = 57. The third law value is in excellent agree-
ment with the value.‘Hggs = <46.80 kcal chosen by 3tull and
Sinke(zs) and with the recent result of Aldred(es).

b) The results on the vaporization of the thrse sul-
fides as treated by the thirq law method are given in tadbles 6,
7 and &, 1In fiygs. 1 and Zi;; Table 9 the second law treatment
of our results is included and all our data compared to litera-
ture.

In the figs. 1 and 2 and in table 9 effusion data
(12,14,15,16) and apparent vapor pressures(17) were converted
to decomposition equilidrium constants corresponding to egn.(2).
Also the equilibrium constants of reactions

2(znd) + (2n8) g» 32n + SO, (18)
studied by Okunev and Popovkina(38) and

(2nS) + Hy ¥ H,S + 2n (19)
studied by Richards (13(13) were converted to X = p2(2n).p(52).

P te e
.............
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Riéhards has also investigated the decomposition pressure of
ZnS by the transport method in a stream of N,(II) and N,+S,(I1I)
giving the correct eguilibrium constant,

For ZnS the vapor pressure measurements extend from
ahout 100C to 1500°K. Freeman(zg) choses a ‘Hf,?98= -49.2+C.5
kcal using the same data as here; this small dif“erence may bhe
due to & somewhat lifferent choice of free ererzy functions.

Table 6 shows a systematic difference of 0.7 kcal bet-
ween exveriments n°1 to & and 9 to 13. A combined error of 57
in measuring the area of the two orifices explains the.main
difference,

Disa reeing results are those of dkunev, Averbukh el
al.(38) and of leuhaus and Retting(14) whose inmediate purrose
was not the determination of the Jdecomposition pressu.e or va-
ror preseure of Zn3. Those of Ysiao and Schlechten(15) dira-
gree with accepted values by several powers of 13 also for man;
other substances even though the slope ayrees reasonably with
our data(ed).

For CdS, 3pandau and Klanberg's(17) dat rec.lceulated
and ours fall on a very nice straicht line, which has neritted

us to perform s lerst sjuares "nd 1 treatment Trom P30 to

1452°K, The conversion to 2G8°7 yag mude usin, 7p from

Russel(39’4o).

Again the lecomzositinsn prec=ures _iven by Neuhaus and
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Retting(14) are high, those of Hsiao and Schlechten(16) low.,
Hecalenlation of the Cd3 + H2 eguilibrium measured by Britzke ;T
and quustinskii(41) leads tn an equilibrium constant low hy ?1
many powers of ten. 23

For red 433, the difference between the two sets of ;“
data taken with an orifice area varying by about a factor of
15 (table /) is larger than in the case of Zn3 and 2dS. Never- )
thelegs it scarcely lies outside experimental uncertainty. ‘;‘

¢) The results for BgSe have heen discussed ahove %
(Results 1), the other selenides and tellurides were ireated ;;
hy the second law method; they are presented in figs.3-7 and ;T
table 10 ard compared to literature d«ta.

Specific heats have been estimated in all cases using
7ubaschewski's srocedure (l.c.(27), rage 183) i.e. a linear i:
increase from the value at 2GP°{ tn the firct transition point, $
Par the teilurides df Za und C¢ the Te, = 2Te e juilirrium
#»as checked ; using en.(13) and (14) with n=1 one finds i;

X+ 1/3teX) = 1/3%e + 2/3 X, (20) :
and .
-RT1np(X,)/p(k) = 2/3{81)(at.xex)-20(x,)} L
+ T A{(3§-=ig),’r} + 1/3371n {4::(:re)/:4(x2)} /2 (21) -
Tor ©4Te the dJdisgsociation of Te? increuser with temperature;

it 13 however neglizible in the temperature range investigated, ?_
whereas for ZnTe absrut 49 of T92 is dissociated independently P
14 %}
.
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of temperaturs: the correction using eqn.no.3 of table 1 was
applied. TFrom figs. 3-7 and table 10 it appears that our

data agree well with those of Korneeva(42), McAteer(45) and
Lorenz(46) s comparing the 9 compounds the results of Somorjai(43
seem to lie guite our of line. For ZnSe Korneeva's data and

for ZnSe and CdSe those of "Osten disagree if a second law treat-
ment is used; a third law treatment with the entropy obtained

from our results reduces the disagreement considerably.

HgTe is treated according to 1.b) table 1.

15
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TT3WSSION, :
1. Th2 primasry object(Sd’e) nf this researe” wog to ;g
1tudy S,, Te, und Te, vapor a2t tha catursziion pressure ahevs ?f:
T2=TI compounds which is well below that whave th- _voun VI ;EE
wlorenis, wnd 2 ohserve thnsz the dissocintion euilibria EEE
T, w=x 2K, Ia arier to uceermiulish this aven ir the case of -
Jelenides ani te’lurides(1€b’c) it was necessary ts asvrerheat 'ﬁ
Tt varor and tc use the so-called double oven tschni;ue: Tor _:‘
the study of the 32? 35S eguilidrium even this techal ue was ‘
iasufficiert and the much more refractory sulfides of calcium,
atriatium and dburium had to be used(183). &3 30 the complex
eguilibria of polymeric aroup ¥YI srecies (eqn.15) some confir-
. ma2tion or earlisr litearature data(?ﬂ) have heen obtained by
?he angs spectrometric method (see also ref.9), which aprears
0 e more direct hut not quite easy to handle in sucha:.ses.
2. The ma3s spectrometric investigation of the vapori-
zailon of the nine compounds of Zn, 23, Hz with 3, Se snd Te
hug pernitted us to settle the equilibrium vaporization process
of these compounds and thus to ca]éulate heats of decomposition
accoriing to eqn.?. In all cases the concentration of gaseous
veX molecules i5 below our detection 1limit (10"3 - 10‘5). In
some 2arlier work, the correct process had been assumed because
measured pressures agnd those calculated from eqn.2 and
16 T
&
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thermochemiczl data were found to be in agreenen H

such proovs zre kowsver only valié if extremely accur it

data are cvallzble znd ever in thzt case ¢

T s b 1 Yyt S

to the presence of ainor srecies is very ts4. The situz .7

B
is somewh2t better in tranesport experirents (e.s. vef.13). -
! The spectroscopic dat a(*7) aust te ccnsicerec s dzvrriitl, -
From tuhl2 4, it zpjezrs ihwt even moleoules witl . -

: relatively high dissociation energy may h-ve a low ehiric.l -

{ stahility, 1.e. relative cancentrzaticn., Turiher +teir reln-

i tive concentratien inereaces with increxanin, ite«nerature s -
hag teen erthrsized in recent jears in a number o ki h ten- -
o a3 (21‘976!1*’1-) + inte s 3 - W T
{ rerature studies o It ic interestin; thern to o
make an estimate uring eqn.11, of canditions for observing :
g -
; these molecules. Tt has heen shown reco entlj( 1) that, _1- .

{ .
! thy ch dissociation frergice of viricus Gistemie o1 -onles L
: .
i differ conelderacly, the variation of the »-tio T
Cne—y
= it 4R)/5(A7) i¢ fairly small, es,ecially in =le-untel, "~

chogen croups of birary conpounds. TFrom tatle § ani 11 ane

e .

‘ finds the highest value @h>1.7 for ZnTe; for Inth, &= 1.7 1.3 -
b S - ~ - (21) . S N . T ’ )
: for 3n, = 1.5 heve beex found o Assumin: th.h Toar N -

-~ ‘\,\o

compounds investigated here 2?2, an increwse 0 <3300 ip

P

tempersture and of one or two povers of ten i1n nra2esae. b vll o
i3 Y
H
: perxelt one to otserve ZnTe and TdTe; for aulfides anld <ele il - s
the temperature range of 1500-2C379% and ;res:mres nerr ore o

17
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ztmospaere would bts necessary. TFxrerimental developmen®e are

-

mad2 now to test the case of the zbove mention~d two molecsles.

3. Table 2 shows, that the third law treatment of ex-
serimental data hns'permitted one to obtain a very sztisfactory
~z2em20t on heats of formation of svlfides. It =zeems that the
roansed values are reliable within abaut G.5 keal. The compa-
rison of 2nd zné 3rd law values in Table 2 as well z2s for the
case of the vaporization of lead shows th-t 2nd law values may
be in error by abosut + 2 keal: this apzears ulso in table 10,
#hrich shows even some stronger disagreements. It is however
estimated that the proposed values are reliable within +
2 kcal.

4. Necessarily the eniropy values obtained from vapo-
vization data ireated by the second law (table 19) are uncertain
within about 2 e.u. A monotonic increase fron [EnS] to [HeTe)
is exrerted as w21l Trom 2n jonic model(dg) as from a "covalent®
w032l of the snliis (comparison #ith isosteric zvoup IV ele-
ments). Tor the 1izht IIb-VIb compounds, the measured entropy
values lie hetween those calculatéd by the two models; for

247=), Biese) snc FigTe) the ohserved value is well below the

calculsted value.

5. The juestion may srise whether some inconsistencies

in “ecoarosition pressure data are due to a low vaporization

edefficlent as sugsested for Cd3e by Somorjai(49); also

(50)

Pickert has found similar evidence in the case of Ag,S.

18
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Our results on YgS (table &) could also be explained on these

lipes as well as the considerable discrepancy observed alazys
(15)

for the data of KEsiao ard Schlechten It is not conside-

(N
vt
(A ATRRAN

red however that the data presented here can be taken as a

‘.
)
N

proof for small values of vaporization coefficients.
In general many artefacts can lead to disagreeing
vapor pressure data and only careful direct measurements should

he taker as proof for a low vaporization coefficient.

6. From heats of formation, heats of atomization
(table 11) a2re calculated. It is interesting to compare here
the isosteric groups IV-VI: III-V: II-VI and I-VII. It is
obvious from fig.8 that the heat of atomization decreases as
the elements forming the compound get further apart from the
center (group IV) of the isosteric series. Except for [ZnS}
and [CuS] the II,~VI, compounds form a minimum. Au, Cu and
Ag present the same sequence as the heaté of vaporization
of the elements and dissociation energies of diatomic molecu-
les(21) and not the sequence of the periodic table: Cu, Ag,
Au. The group III.O-Vb compounds seem to follow mainly the
trend of group Vb elements. The same trend is observed for
fcas): [znse)l or [Cdse): [ZnTe) but the Hg compounds have lower

values.

19
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TARLE I. RKelations between evaporated mass, vapor pressure

and equilibrium constant of vaporization.

1. a) [t = e
b) @e)ﬂ - le+ X

or ¢) eX] —» ‘X
(Zxamples Pb, HzTe)
o, = (6,/st)(2 M 52/2) "2 = k(vap)

2. fre = e + (1/2)X,
(Sxamples ZnS, 2dS, HgS, 2nSe, ZdSe)
p(Me) =(5/st) fzvtRT/:.x(:ne)]’/?- I(¥e)/M(MeX)
p(X,) = 1/2(¢/st) [2m RT/:-T(I{2)11/2 ¥(X,) /¥ (leX)

R(vap) = p(ie).p(Xy)= 1/2(6/st,(3ex)] (21 RT) 3 Zua(me) 14(x,) /2

3. MeX =+ e + (1-x) X + (x/2)X,
(Zxamples ZnTe), CdTe)
plite)=(G/st) [BMRT/A(Ke)] /2. M(ite)/M(xeX)
p(x) +2"/2p(x,)= (6/st) [nrr/a(x)] /2 0(x) /i (oe)
if K = pz(x)/p(xz) is known
K,(vap) = Pe(Me)P(Xe)and Ky(vap)= p(Me)p(X) is

calculated.
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TABLE 3.

oy P N e

Ion intensities in
Zlectron intensity
acceleratiﬁg field
divisions (approx.

peaks.

vapor above HgSe at 484°K
30‘Pamp; energy 79 ev. Ion
1000 V. Itensities in scale

10~13 amp); sum of isotopic

162

00

+

+
Ses Ses

560 4200 640 200
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TABLE 4. Unper limits of Qisscciation energies of

IIb-VIb molecules.

1oy I(2X)/I(X,) TK D(¥eX)<
715 IR 1270 48
ZnSe <=3 1200 50
ZnTe <= 3.84 1000 30
243 <=2 10C0 59(%)
CdSe <=3 1000 46
CdTe <-3 1000 31
Hgs <=3 500 53(%)
HgSe <=3 500 39
HgTe <=3 500 33

The necessary entropy and heat cupncity Jdata for

ean.(11) were taken for the elements from ref.26, for solid

compounds as viven in the next section of thiw paper; for

caseous YeX: 3298 = 53,840,043 M(eX)- 242/%(ieX) e.u.(27)

and Cp = 9 was taken.

(%) The lower values of limits found recently(g) reduce the

value for CdS by abdbout 10 and for HzgS by about 5 ikeal.,

27
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TABLE 5. Vaporization of lead.

- ~an - T P e T T T YA A T e e S T e e o L ey TG G e -

*e 00 oe oo oo oo

1ok G 3: t §'1°810P §‘1°G10P gx{sg‘ﬂg9§]§ 159515
¢+ 3rx10”: sec : (a) F(b) .4 T4} cal/at.g
: Poo(e) D (a) (e)
913t 2.90 ¢ -410 + 5.710 + 5.727 + 24.94 : 46,700: 46,430z
936: 3.70 + 3540+ 3.504 i 5.525 1 2£.88  + 45,950% 46,6705
L9517 5.73 2790 ¢ 5.205 i 5.93 : 20.82  : 45,870 46,530:
D 9B4: 5.65 : 1500+ 4.945 + 4.982 + 24.77 : 46,810% 46,510:
T100B:11.70 + 1820 ¢ 4.722 & 4.752 + 24.72  + 46,840 46,5401
§1332;19.24 ; 1800 ; 4.474 ; 4.500 ; 24,67 ; 46,710; 46,400%
: ;A“gga,w 46,810% 45,610;

oo ov 20 »

(a)
()

(e)
(a)

(e)

Pressures in atmospherss eqn._21 Tahle 1,
The effusion area s = 1.60x10™° cm?,

Tne samc corrected for temperatures rise and fall using
the values of col.(a)

ref.(26),

Calc?l?ted by the third law method (eqn.8) from col.(d)
and (c).

The same assuming a Clausing "actor of 0.86 calculated
for the thickness of 0.05 cm of the effusion hole and
the resistance corresponding to the radiation shields.
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TABLE 6.

Vaporization of

O - B I e sk D

ZnsS.

: ToK ; G{mgr) ; t(sec)§ loz K és.102(cm2) ;,Aﬁgga §
D 1044 1 1.68 1 3600 & -17.539 : .57 i 190.0
P 1063 + 2.86 + 3600 i -16.835 1 m . 189.8 1
D077+ 375+ 3800 & -1R.541 & P 19007
P 1090 i 5.8 : 3600 + -15.971 i P 190.0
P 1099+ 7.06 ¢ 3600 + -15.651 1 P 189.0
P 117 1 5.56  + 1800 + -15.009 & " P 189.5
P 1128 1 6.38 ¢ 1800 + -14.867 1 " P 1205
P 1186 1 10,77+ 1800 : -14.155 & o T I
P 164 ¢ 2.00 + 1810+ -13.903 & 0.281 + 191.2 ¢
P 1180 1 3.29 & 1800 & -13.951 & P o190.2
P 1199 ¢+ 4,56 ¢ 1920 & 12,861 1 n o191
P 1216 ¢ €.32 ¢ 1800 : —12.371 & P 1906
; 1233 ; £.92 ; 1800 ; RTIC S I ; 190.5 ;

The third

la# value calculated

using 3398[?qj§ 13.040,2 e.u

and C_(sth) = 12.16+1.24x10731-1,36x1057 " (?T139) | 5onelerite is

transformed to wurtzite at 1293°K (It= 3.2 kcal)(?7) we have a3~

sumed however that >ur surples were wnrtzite hased on an obsevr-

vation

at high temperature,
would lead to 4°

.....
.....
------

of Melate

------

(12)

Dqe = 1%3.3 Keal,

29

and havinz Je»4ssed sSur sariples in vacuua

Assunming that our sumples are sphalerite
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| TARLE 7. Vaporization of CdS _.___
! . =

;‘T°K (mgr) toec log K 53.102(cm2) AH298 ;__“_.
. D 902+ 3.3 + 3600 & -17.244 1 1.5T i 160.3 -
P 921+ 2.87 i. 1720 : -16.624 & P 160.9
P 940 5 4.85 § 1800 : -15.834 : " 160.8 -
D %1: 6,20 : 1790 : -15.504 : 1595 L
Ps0F 913 ¢ 1920 -15.126 ¢ P 150.9 :';'-:.
P 379 i 17.05 + 1800 & -14.182 i P 159.9 )y
D987 2,96 ¢ 1000 § 13,058 © 0.4 i 160.5
D108 i fa1s i 2040 1 -13.2P2 : % i 160.5 R
1925+ P00+ 1900 + -17.7€4 & ® 1503 -
D5 o750 ¢ 1800 ¢ o-12726 1 i 1605 s
P1052 1 25.45 ¢ 1640 & =11.442 " 159.5 }:::f;f_
D S
: : : : : . 16C.4 el

29
Free energy function estimzted by Freeman("). NER
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(1) This cuzer I .5 ¥nudsen 3ré law
47,9 Anudsen 2nd law
Ir 50.4 #ass spectr 3rd law
48,1 ¥ass spectr 2nd lzw
(2) Ve;elcv="1i(15) 42.1(42.8)*%  “nudsen 2nd+3rd lzw
{3) ?0;0?8-}i(13) 42.1742,4)*  ¥nudsen (excludirg
2 results)
131 senane(12) £7.7(27.%)*  “nudsen
3) ?1charés(13) I 47,1 transport ZnS+f,
iI £2,4(42.3)%  tronsport ZnS by N,
11T 4%.,2 transport ZnS byN,+S,
(%) Syandau(17) 42.7(49.3)®  transport
(7) Curlook ani
Iid;eon(30) 47.0 ZnS + HZ
() Xamstinszi and
T u.ov(31) 4f.3 cslorimetric
WI) kolxin( 2) 47.9 electromotive force

(12) xossini et 21.033) 4.5

48,5 unweighted mean
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. Continued

{zds)
(1) This paper 3F.0 ¥rudsen 3rdé law
33.56 Knudsep 2nd law
(2) Veseloveriil!®) 37.8  #nudsen®
(3) ?Ogorelyi(10) 37.5 Tnudsen™
(4) Spandau(1?) 37.7 transoort™
(5) ralkolkin(3?) .0 LT,
(5) Yapus}ins?i end(31) .
¥orshunov 34.8 calorimetry
(7) Hossini et a1.(33) 4.5
3f.0 proposed value
(H.S) red
(1) ?ris paper 13.8 ¥nudsen 3rd law
(2) Rinse(34) 4.0 vanometric
(3) Tresawe11(35) 14.9  Transport and Ho/ﬁos
equilibrium
(4) Gostes et a1,%36) 1.2 I.Y.F,
(5) Rossini et e1,133) 13.9 from older data in-
cluding (35,37)
() Freeman(?g) 12.7
13.8 sroposed value

*

. .
''''''''''''

calculated by Freeman(gg)
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TABLES 10,

Zn, Cd and Hg.

Thermodynamic data on selenides and tellurides of

{znse} -dH0 0t 5500 [ied]

(1) This paper 39.3 19.8 Kaudsen 2nd Iaw

(2) Korneeva(42) 52. 7 Knudsen recal
2nd law

37.2 20, 3rd law
(3) Rossini(33) 34,
(4) "8sten and G ers 47 14,6 transport 2nd
20 law proposed
value
{case)

(1) This paper 32.5 23.1 Knudsen 2nd law

(2 Korneeva(42) 33.2 21. Knudsen recal
2nd law

(3) Somorjai(43) 25,0 20.9 total preesure

(4) Wﬁsten(44) 37.5 18.4 transport

32.5 23. propogsed value
(Hgse]

(1) This paper 14.0 Jdass spectro-
metric Ses/Se?
equilibrium

(2) Rossini(33) 5. calorimetric
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TABLE 10. Continued

[ZnTe]
(1) This paper

(2) our data combined
with McAgeer and
Se1tz(45

(3) Korneeva(42)

(4) Rossini(33)

24.9

25.1
4.3
.

see als? rel, 3¢

2%, 22, sropssedl vulue
{~aTe)
(1) our data 23,8 2. “nud zen
2) ¥citeer ~
(),‘r.*] (47) . an - ep = .
and Selte 24.3 22,6 T.V.T., see 2 1en
ref,37,
(3) Forneeval?) a3 .6 X -
1) Vorneevy 2, 5.6 anudaen 24 Taw

(4) Lcrentz(46)

24.0

4.

pressure Mnd law

nroptaed vi-lue

{HgTe)

12. 22, Foudaen 2uad 1ow
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